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an im ortant part, during certain seasons, of all meteoro- 

Some ori,@al and important experimental work alon 
this line has been cairied on by Lieut. W. F. Reef 
U. S. N., aerological officer of the naval air stat.ion, Pen- 
sacola, F1a.l Lieut. Reed has been successful by the use 
of a radio receiver and direction finder to forecast the 
approach and movement of electrical disturbances over 
that particular portion of the Gulf covered by aviat,ion 
operations from the Pensacola base. He has been able 
to detect the approach of these storms long before any 
local signs give warning of their approach and has been 
able to plot the movement of these storms, the directions 
from and to which they are moving, as well as their in- 
tensity. Ry this means he has been able to make the 
aviation operations from this base safer and much more 
successful. During the coming hurricane season it is to 
be hoped that this station, as well as otheis, may be able 
to carry on some estremely valuable experimental work, 
which in time may lead to the use of radio as a valuable 
aid to the hurrica:iP-rPport,in,o service in the Gulf and 
Caribb2an. 

The fiefcl is lar e ancl there is need for considerablr- 
experimental worf on the part of meteorologist,9 a(*- 

Our presetit, 
forecasts of probability of the formation and approarli 
of electrical disturbances and rather indefinite notice of 
their movements should in t h e  be superseded by fore- 
casts of a more definite nature, telling when t.0 espect 
the disturbances at  certain point.s, the direction and rate 
of movement, and their intensity. This type of service 
is at resent rendered on a large scale in so fur as t.he 

nearly every one of these st.orms the position of their 
centers and the direction and rate of their movement is 
unknown for many hours, and in many cases days, by 
the forecasters who are charged with the task of report- 
ing them, due to a lack of reporting stmatioils over great, 

logica P reporting services. 

uaintacl and in touch with radio work. 

West P ndian hurricanes are Coiiceriied, but. in the ccwe of 

1 Further detail7 of Lieut. Rd’awork wlll appear in a later issue or the REVIEW. 

areas of the Gulf ancl Caribbean during the pro ess of the 

most vessels strike for port. Radio equipment, in addi- 
tion to the broadened program of aerological observation, 
t.iile report,s, and erhaps even vessel patrols now planned 

storm. On thefiixt notice of their formation an T approach 

by the Weather R ureau, may in time fill this gap. 

AEROLOGICAL OBSERVATIONS IN THE WEST INDIES. 

It is generally thought that tropical cyclones (hurri- 
canes) move approsimately in the direction and with the 
speed of the air in the strata at no great height above 
the surface. If this be true, it is very desirable to 
obtain observations of free-air wind conditions on all 
sides of hurricanes, particularly on the north and west 
sides. Alt,hough working under severe restrictions of 
funds and personnel, the Weather Bureau is undertaking 
a campaign of this sort for the hurricane season of 1920, 
July to November, inclusive. Stations are bein 
eyuipped and will be operated at San Juan, P. R., an 
h e y  West, Fla., in addition to those in\the Gulf States 
nt -rhich observations are now being made by the 
Wenther Bureau at  Groesbeck, Tex., and Leesburg, Ga.; 
by t,he Meteorological Section of the Signal Co s at 
Ellinrt $11 Field and Kelly Field, Tex. : and by the 3 aval 
Aer,hgical Section at  Pensacola, Fla. Moreover, two 
ne x, sti t i ,  ,lis are being organized by the Navy a t  Colon 
mid Sant Domingo. These nine stations form a.net- 
w<irk .Khich, it is believed, will furnish information of 
qreat, value in the study of these destructive storms and 
in forecasting their direction and rate of movement. 
Moreover, the observations will be taken regularly twice 
each day, irrespective of the occurrence of hurricanes, 
and will, therefore, give us data as to trades, antitrades, 
etc., of the utmost interest from a theoretical point of 
view and of inestimable benefit in their practical applica- 
tion. It is probable that some of the stations will be 
continued throughout the year and that many others will 
be added, if funds permit, during the next two or three 
years.- TV. R. Gregg. 

% 

THE MEASUREMENT OF TEMPERATURE, WITH SOME REMARKS ON OTHER PHYSICAL MEASUREMENTS, AND APPLI- 
CATIONS TO METEOROL0GY.a 

By EDGAR W. WOOLARD. 
INTRODUCTION-UNITS IN QENERAL. 

Lord Kelvin once wrote, “When you can nieasure what 
you are speaking about and espress it in numbers, you kn3w 
something about it, and when you can not measure it, when 
you can not express it in numbers, your knowledge is of a 
meager end unsatisfactory kind. It may be the beginning 
of knowledge, but you have sgarcelg in your thought ad- 
vanced to the stage of a science. ” 

The general Theory of Measurements is familiar to 
eve one: There are five fu.ndam.en,tally different entities 
whic P physics is at  present considering, viz, tahose the 
concepts of which are symbolized by the words s p c e ,  
time, mattw, elactiicity, and m t ~ o p y .  Hence, as was 
pointed out hy Rucker,a we need i i ~ e  f u i d a m m t a l  uii:its 

aDelivemd in part before Am Met1 8oc Apr 22 lflm 
1 These flve concepts, togethe; with’thai’of ntimdrr a& necessary and sufficient for 

the comdete description of the universe so far as it ’is at uresent known to us from 
observation: the obiective universe however, is it+lf miposed of only matter and 
energy-the other indeflnables are dot ‘‘thin.g’’ stnctly spwklng bnt onlv cre.ilims 
of the mind, mtwioml fmmra i m p e d  m t ’ uniuer8f for convdience in‘studv and 
interpretation. Cj. H. Poincare: Foundations of Science: and K. Pemon: Grmihw of 
Science. * A. W. Rucker: On the suppressed dimensions of physics1 quantities. Phil. Mag.. 
(5),27, IM-114, 1889. 

for the measurement of physical quantities; those usually 
chosen are the units of len th, mass, time, permeabilit , 
could be, and have been, made. However, it rbab as been 
and temperature, althoug% better selections 

found that by arbitrarily fixing the ma itudes of the 

chanics-qmce, time, and matter-we are t.hen enabled, 
through the Theory of Dimensions, to derive units for all 
other quantities. In  a few cases, such as when dealing 
with heat and electricity, additional units which are 
sometimes called seconday fundamental units appear, 
but probably it is only our ignorance of the true nature 
of the quantities involved which prevents us from 
espressing these, too, in terms of the three primary 
fundamental units. 

The practical application of the above theory consists of 
the selection .of the fundamental units, the construction 
of standards, and the devising of measuring instruments 
which may becalibrated by comparison with thestandards. 

9 
units corresponding to the three inde 8” nables of me- 

a See P g R. C. Tolman: The measurnble quantities of physics. Phys. Reu., ( Z ) ,  -9. 
~ 3 7 ~ 2 . ~ 5 .  igi% 

4 W. Watson: Textbook of Physics, new ed. London, 1911, pp. 5,334; Rucker, op. cit. 
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The selection of the fundamental units, the fixing of 
their sizes, and, indeed, the whole system of units, are 
perfectly arbitrary; hence it has come about that even 
today there are in well-estrablished use several different 
systbms, each possessing, its own advantages and disad- 
vantages. The intrinsic value and significance of a uan- 

pression of that result; for once a conce t has been formed 

identical with the symbols which represent them, ab- 
stract science being thus cut entirely adrift from the 
fundamental notions related to the experience in which 
it had its origin, and being reduced to a species of ~ e -  
chanical game played in accordance with a set of rules 
which when divorced from their origin have the a pear- 

to for purposes of convenience, it is necessary at  the end 
of an process to reconnect the symbols employed with 
the i B eas which originally suggested them, and thus in- 
terpret the results of the purely symbolical p~ocesses.~ 
It is of the highest importance to state upon what par- 
ticular basis a set of sylhbolical espressions rests, so that 
in the comparison of observations separated in s ace or 

are significant and what part are due merely to differ- 
ences in the manner of expression. The problem of equiv- 
alents and conversions in the theory of measurements 
furnishes an excellent illustration of this principle, as we 
shall see. 

It may be roper to mention, first, some uestions of 

ciently emphasized. The yard an the meter, the two 
units of len th  which are in common use at present, are 

titative result, however, lies not in the symbolica 7 ex- 

there is a tendency to regard the resu P ting quantities as 

ance of being perfectly arbitrary; if this view is a (P hered 

time it may be determined what part of the di f? erences 

P general metro P ogy which are not, erhaps, a ways suffi- 

each dejinefas 

$ 

B c f  

the respective standud. Now 
the yard is an the outgrowth of the 
rather confused of early Eng- 
land; its length was dehi te l  fixed b the construction 
of the original imperial stan ard yar by Bird in 1758; 
this original standard was destroyed in 1834 in the fire of 
the Houses of Parliament, and a new one was constructed 
and compared with the copies of the original which had 
been sent to various countries; while the differences in 
length which were found were unimportant, still there 
were differences; it must be remembered that because of 
the inherent butat ions of man it is impossible to ezactly 
duplicate a length, or ezactly measure one; it is perfectly 
evldent that there is only om accurate ardstick in ex- 

must take account of not only the error of the instrument 
used, hut also of the error of the standard and the error of 
the standardization. Such r e h e d  considerations, while 
perhaps not of much importance so far as individual ob- 
servations are concerned, .become of vital importance 
when observations are to be compared, for then all the 
measurements must be reduced to a common basis, and 
this can not be done until it is known to what basis each 
was reduced by the original observer. The meter is also 
an arbitrar length, although originally intended to be 
one ten-mdonth of the earth’s quadrant; it is not in any 
way su erior to the yard except in the advantages con- 
ferred { the decimal character of the metric subdivi- 
sions. $he meter is the length of the international 
meter, kept near Paris, which is a copy of the o ~ & d  

The coexistence of more than one system of units 
necessitates the frequent use of the equivalent of a unit 

istence, viz, the defining standard: and a 91 measurements 

de$niw standad. 

3 E. W. Hobson: Theory of Functions of a Resl Variable and the Theory of 

@It  is not cartalnly knoyn that the standards am not subject to secular change. 
era’s mea. Cambridge Press, 1907, pp. 310. 

in one system in terms of the corresponding unit in 
another system; the yard and the meter, however, are 
incommensurable lengths to start with, and the always- 
resent error of observation would prevent either one 

From being esactly measured in terms of the other, an 
way, even though the defining standards themselves 6 e 
used in the c.omparison; measurements performed at  
different times by different observers always give slightly 
different equivalents, some one of which must be arbi- 
trarily adopted, usually by means of legislation on the 
subjee t. 

In  the United States of America, the unit of length is 
fised by law to be the meter, which is defined to be the 
length of the international meter, a copy of which is kept 
by the Bureau of Standards: the yard is deJned b law 

the unit of length is fised by law to be the imperial yard, 
and the nwtur is defined b7 law to be 1.093614 yards. 
None of these equivalents is exactly that given by the 
best. comparisons of the standards; the fact that the 
American and the British yard and meter are, therefore, 
probably slight.ly different, from each other, and that the 
equivalents cliffer from ench other and from the actual 
ecluivn.lc.nt.s, s h w s  the care needed when stating the 
resu1t.s of nicmi:c‘s of  length. Somewhat similar re- 
m d i s  apply t.o measuxments of other physical quan- 
t,ii .ie~.~ 

Clearli, in scientific work we should, whenever it is 
necessary to t.rnp1o-y e uivalents, use the true values as 
nearly as they can be Ietermined, and not the arbitrary 
legal approsimat.ions. Whenever it is necessary to make 
use nf tables of m y  kind, it must be carefully noted upon 
what, basis they have been constructed. Meteorology 
furnishes a gooh illustration of the precedin principles. 

numerical computations was set out authoritatively in 
the Internationxl Tables of 1890: * 

I t  has been the object of the meteorological authorities in all corn- 
tiies that the numerical values given in this publication should form 
the baeb of all tables of conversion and computation wnich are em- 
ployed by observers and students thro hout the world, 80 that the . 
meaning of any small differences in resxts should be freed from am- 
biguity on account of the proceea of computation. 

Meteorological questions nearly always depend for their aolution 
on the comparison of results from different parts of the world, and 
comparability is often more important than extreme numerical pre- 
cision! eo that the values used in the computation of the International 
Tables are sufficiently accurate for all the computations of meteorogical 
pract,ice and will remain 80 for many years to come, but in. the mean- 
time alterations in the accepted comparisons of fundamental standards 
of the various countries may receive, and mme have received, the sanc- 
tion of law, and it js  hardly permieaible to an offi@ to display, or 
affect to use, tables which are ostensibly based on equivalenta which are 
not lawful. 

The sugg+stion ie soiiietimes lightly made that a ilea edition of the 
taldes is required to brincr tliern up to date. but the recomputation of 
taldes is a wcark of great l&or without m y  jiwtification in the results to 
he arhiweil. 

Still. the progr+ss in metrolo.gica1 exactitude which naturally 
follci~s thc wtzblis!inient ol’ stich iiistitutions as the Bureau Inter- 
national dcs Poi& et hlesures? the Reicl~anstalt, the Nat.iona1 Physical 
1,dtlantury:. ant1 t.hr Bureau of Standards. must not be disrqarded; 
arid tlw horixon O C  meteorolo#*ical computation Ius been much ex- 
tiw1t.d Ily the development of h e  studv of the up er air which requires 
the tahlt-s Tor ronipiitation to he siniila~ly exten&d over ranges which 
iwrr oiitjic!e !.he uirtrorological practice of 1P90. @ 

The Internatioiial Tables are based on the values of 
the equiralents which were then most widely accepted; 

to be %# meter. In  Great Britam, on the other K and, 

So far as meteorology is concerned, t a e basis of 

7 See L. A. Fisclirr. History of the Standard Weights and Measures of the United 
St.itrs. IT. H. Bur. Stand. Scr. Pa er 1;,.1905. espeelall pp. 379-381; also Centennial 
relebrntion olthe U. 8. Cosst and o)eodeticSurvey, W d h g t o n .  1916, pp. 25-39(6. W. 
Stratton. The Buwau of Standards and its Relation to the U. 8. Coast and Oeodetle 
Llurvevl 

con res tenu B R O G ~  18%. paris, 18~). 
8 Tahihs MBt6orolo*iqiies Internatides p u h l h  conform6ment B une dedsion du 

&ish Meteorological Oflce, Camputer’s Handbook, Introductim, pp. 44,1916. 
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the fourth edition of the Smithsonian Meteorological 
Tables lo is based on the United States statutory equiv- 
alenta, and on new values for standard gravi!y, density of 
mercury, etc., all of which must be considered when 
comparing older data and tables with modern ones.” 

It is unnecessary.to set forth here that which has been 
so often set forth, and which is almost self-evident, viz, 
the extreme desirabilit of unifmity in the matter of 

scientists, but between scientists and laymen ; only 
under such a condition-ne which seems impossible to 
bring a b o u d i s  it possible to have the fullest cooper& 
tion, appreciation, and understanding, and the most 
rapid advance rn scientific knowledge. , being essentially the physics of the air, 
will employ g e  same system of units as physics employs, 
with such special adaptations and extensions as may be 
necessary. Until recently, however, there has been an 
estrangement between meteorology and the other phys- 
ical sciences a3 regards the svstem to be employed; the 
same estrangement that still exists between scientific 
education and practical life. i‘If science is to be a part 
of practical life, the units of science and the units of 
practical life must be the same. One thing or the other: 
Either practical. folk must learn to use metric units, 
or * * * men of science must use British units in 
their laboratory courses. The present divorce between 
education and practice is ruinous for both.”12 The 
intimate relations between meteorolo cal work and the 

systems of units-wor 7J -zcri&e uniformity, not only among 

Meteorolo 

practical affairs of the general uhlic f or which the work 
is largely intended, has resulte l in the use of the British 
units. At  present ”if in a country avsenibly for the 
advancement of science, an unknown stranger should 
get up and speak in metric units, the initiated physicist 
would at once say ‘he must be one of us,’ and the unin- 
itiated meteorologist would say ‘he is one of than&.’” l3 

Furthermore, the difhulties of metrolo y are great 
enough without adding. to them in any caseav the adop- 
tion of t~ systcm of units which are not absofute, i. e., a 
system of units which depend for thcir values upon loca- 
tion in time or space; furthermore, if absolute units are 
the best for theory, as they undoubtedly then they 
are the units of .the future, for the practical applications 
of meteorology must ultimately be guided by theory just 
as those of astronomp are at  the present day.I5 B vast 
number of considerations leave no doubt but that abso- 
lute units are also best for the use of instructors and 
lecturers who wish to interest students of physics and 
mathematicq in meteorology, and for the presentation of 
the results of meteorological observations and studies to 
the public.la Various factors have contributed during 
the past several years to an increased use of the C. G. S. 
s tem in meteorology, even in the presentation of the 
g i l y  reports to the public. Unfortunately this move- 
ment has come a t  a time when international a reement 

ward to such international action in the near future- 
some points have already been considered by the Inter- 
national Meteorological Conference.“ Meanwhile some 
of the decisions of the international conferences on 

and standardization was impossible; we may f ook for- 

80 S@hsonian Meteordo@eal Tables Fourth Revised edition Washineton 1918. 
11 See the Introductima to the International Tables and to the dmithsonian fables. 
12 Sir Napier Shaw: Units and Unity Nature 101 3-28 1918. 
1: W. N. Shaw: Pressure in abo1ut;units. ’ M O ~ H L Y   ATH HER REVIEW, 42: 5-7, 

14 V. Bjerhes: TheC. G. 8. System and Meteorology. MONTRLY WEATHER REVIEW, 
1914 

42: 143-144 1914. 
Sir Na er Shaw: The Outlook of Meteorologkal Scimce. MONTHLY WEATHER 

REVIEW 4 i j  34-35,lsaO: ShaW: MONTHLS WEATHER REVIEW,.42: 5,1914. 
1 See b a a .  MONTHLY WEATHER REvrrw.42: 5-7.1914: British Meteorological Office. 

Computer% kandbook Introduction- and-The Observer’s Handbook 1919 ed., pi); 
vlii-xx; also, The Sedan’s Handbook of Meteorology, ad ed., 1Y18, pp. hi-xviii. 

17 MONTHLY WEATEEB  REVIEW,^^: 852,1919. 

weights and measures in general are of special interest to 
meteorological circles.’B 

It has been said that meteorology stands in the way of 
the general adoption of metric units; thjs can no longer 
be maintained, however;’” on May 1, 1914, the British 
Meteorological Office ado ted metric units on its dail 

(recently F. temperatures were restored; abtaolute and 
metric units are now widely used in the official publications 
of the meteorological services in a number of countries, 

articularly in aerolo ‘cal 

in the United States.2o Even 
meCI-ic meteorolo ical units, 

tomary to s eak about the metric ‘system’ in contradis- 

ogy the metric measures are not more systematic than 
the British, for both are arbitrary.”21 

In adoptiii the metric system meteorologists aspired 

ncver had the courage or coherence to carry out! viz, use 
pressure units for pressure measurements, reserve length 
units for. length measurements, and change the ther- 
mometer scale so as to abolish 
which are a survival of the time anterior 
of the conservation of energy, and have sooner or later to 
be explained away with much labor and practical incon- 
venience.22 To what difficulties this has led, particularly 
as rdgards the absolute unit of pressure, is weJl known.= 

Yome of the difficulties, particularly in the case of me- 
arise from t h e  fact that the fundamental or 
system of units, such as the C. G. S., can not 

be equally convenient for practical use in all fields of 
science. The practical systems, derived from the C. G. S. 
system, have been formdl defined by international 

trical engineers did something akin to what the meteor- 
ologists did when the latter made the unit of pressure 
io6 C. G. S. units. 

The question of thermometer scales, mentioned ahore 
incidentally, raises difficulties all ita own; very hazy ideas 
of temperature and its measurement prevail in the minds 

I maps andreports and ahso r iiteunits in its barometric wor 

formation 19 still very ff ar from 

factory. “In r e? erring to units of measurement it is cus- 

tinction to t \ e English want of system; but in meteorol- 

to do what p a ysicists had often aspired to do, but had 

action only in the case of e 9 ectrotechnology;21 the elec- 

18 E. g.. as to the value of gravity to be employed in the reductton of the barometer, 
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of most people, including many professional physicists; 
confusion and inaccuracies are present in many testbooks. 
Therefore it seems quite appropriate to give the whole 
subject of thermometr a special and complete exposi- 
tion-one which is app5cable to precise hysical labora- 

tions. 
tory measurements as well as to meteor0 f ogical observa- 

THERMOMETRY. 

The molecular and kinetic theories of matter, although 
25 centuries old? have only recently, through the demon- 
stration of their soundness,2s been raised above the 
position of mere convenient working hy otheses. Until 

though nearly as ancient as they, was only a rough 
empirical subject with no theoretical foundations ; hence, 
present-day precision thermometry, at least on the 
theoretical side, is essentially a modern development. 
In an exposition of the principlm of thermal measure- 
ments, it  ma therefore be assumed as an already estab- 

stands in a very special relation to matter-viz, it is 
that part of the total internal energy of matter which is 
due to the motions of the molecules relative to one 
another. The determination of the absolute amount of 
heat contained in a given mass is the measurement of the 
sum total of the kinetic energy of the molec.ules with refer- 
ence to each other; if the molecules could be brought to 

the establishment of these theories t R ermometry, al- 

lished fact t I at heat is a form of energy, and one which 

large and a smrlll body, each composed of the same sub- 
stance, may possess equal de!jrees of molecular motion, 
and hence give rise to identical physiological sensations, 
and yet contain vast1 different total amounts of molecu- 
lar motion, i. e., of eat, accordin to their respective 
masses or total numbers of moleci ea. Thus the tem- 
perature of a body is, qualitatively s eaking, its degree 

of heat present in the whole body. 
In scientific work i t  is, of oourse, necessary to have i t  

more definite and reliable indication than ii afforded b j  
the sense of touch; 
been based on 
rather than on any difference of 
the scale of measurement being 
bodies higher temperatures in 
nary ideas of differences of 

5 E 
of hotness, in contradistinction to t K e actual quantity 

the two can be compared. 
5 01. R. A. Ylllilarn: The Electron, pp. 510,1917. 

416-”L2 

The phenomenon which has been niost generally em- 
ployed for the above purpose is that of the volumetric 
ex ansion of bodies mth increase of heat content. This 

pansion, whiZe not v a . y i n g  exactly in  a &impla proportion to 
successive in,cremen,ts of heat, stdl approaches closely to a 
linear relation. Expansions or contractions, then, of a 
body, relative to any initial volume arbitrarily selected 
as a starting point, mensure relative increments or decre- 
ments of heat, P .u.a.l changes in. heat contend corresponding 

In the mitinos of Philo of Byzantium (third century 
B. C.) and of gero of Alexander (first(?) century B. C.) 
we find the earliest application of these principles of 
which we know-viz, descriptions of an apparatus which 
represents the primitive idea of a thermoscope.28 A 
translation of Hero’s book was studied by Galileo, Porta, 
and Drebbel, and gave, 
men the idea of constructin 
revived the instrument in the 
in into a narrow tube, 

the height at  which the 

e i?p ect of heat was known in very ancient times; T i e  ez- 

to n.ea,rly equa.1 c i anqes in volume. 

w % ole being inverted and 

in the globe expanded and contracted indicated the rela- 
tive thermal condition of this air; since the relatively 
small amount of matter composing the instrument per- 
mits it to come quickly into thermal equilibrium with 
the surroundings, It is easy to see how the indications of 
a thermoscope are also qualitative indications of the 
thermal conclition of the immediate environment; for 
quantitative relationships to be established, the condi- 
tions at  equilibrium must he supplied b theory. 

Galileo’s thermometer was estensiv eT y introduced by 
Sanctorius of Padua; within a few years the instrument 
had been inverted, and otherwise im roved by Galileo 
and his pupils, and by 1641 the mo a ern type of ther- 
mometer was in use-a bulb filled with s irit of wine or 

accord with some standard system. In such an instru- 
ment, increment of heat (i. e., of amount of molecular 
motion) in the surrounding medium will, a t  equilibrium, 
cause the 8am.e increments of heat in the material of the 
thermometer bulb, wlutive to the init,ial am.ount (regard- 
less of whatever quantitative relations may exist); the 
resulting proportional espansion of the thermometer fluid 
may therefore be used to measure the t.elatiw hent con- 
tent of the environment, without any knowledge as to 
masses, specific heats, or coefficients of espansion H- 
provided always that the thsmnorneterj ld  has a constant 
coefficient of espansion which bears a linear relation to 
heat increments: This latter condition is not met with 
in the case of any actual substance, as we have noted, 
and consequently corrections must be determined and 
ap lied to eliminate the error thereby introduced. P e  tlius aejine aijierences qf temperature as proportional 

g to aiyerences of heat content, the latter being measured b 
the espansion of the material in the thermometer bul 
indicated by tm arbitrarily graduated scde on the stem. 

The unit of absolute quantity of heat is then deJined as 
the amount of heat pecessary to cause a certain specified 
increment in the heat content, i. e., a certain specified 
temperature change, of a certain mass of a certain 
substance, thus making the whole art of calorimetry 
depend upon that of thermometry: 

other liquid, the tube being sealed, an x graduated in 

I G. Hellmnnn: The dawn of meteorology. Quar. Jour. Roy. X r f l .  Sw., 34, P6-2%, 
190S 

n The loss of tern erature bv 3 hot body is. after equilibrium, not generdly 
the gain of temperagire of a cold body in contact with It. but that of demee of nrz; 
motion obviously is. .4ccount must be taken, in practice, of the expansion of the bulb 
itself, too. 
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The temperature of a. body is i ts  thewnal state considered 
with .reference to i ts  pou+r of ccnn.m,~i.n!i.c.irt~n~ 7iea,t to other 
bodies; the eont~i~n.ii.ou.s series qf su.ch th eririd states passed 
through by any one substmice, as it,s heat, content is 
continuously increased or decreased, dc$i es ic teinpera.t.i~re 
scale: any arbitrary syst,eni of u i i i p e h  dcsiyii.citin~g or 

thermoin.eter scale-when some particular pro pertmy of soiiie 
particular substance, for example the volumet.ric espm- 
sion of mercurv, or the resistance of a platinum wire, is 
selected to define a scale of temperatures i t  still remains 
necessar to select some Rrbitrnry systeiii, say of numbers, 

which is indicated to us by nienns of the use of bhat 
property. 

A thermometer constructed accordiii 7 t.0 the above 

and temperature changes of it.s eiivironment, m c l  hence, 
from the definition of temperature diff erences, also indi- 
cate differences of actual heat content., so t,liat, arbi- 
trarily defining the unit of absolute aiiiount of heat, as 
we have done above, it is clear that. with the mechanical 

labeling each temperature oE tlie sca f e const,it,ut,es a 

by whic ?l to label uniquely each successive thermal st.at,e 

definitions will, then, indicate uniquely t. k e Deniperatures 

of this latter unil known our problem is coni- 
The t o t d  amount of heat. in :I body can 

provided we lmow the mass, tem- 
perature, and the specific heat, a t  nll t,eniperaturr~s : and 
rn any case changes in t,he heat energy can easily be 
expenmentdly determined, alt,liougli we can not, iir this 
pa er, .go into the details of calorimet,ry. 

gbviously, working temperataure scales and t,li~rniom- 
eter scales should be so chosen that rcsu1t.s espreswrl ill 
terms of them may be capable of reatly traiislat,ion iiit.0 
terms of molecular processes and contlit.ions ns in&ctrte(l 
in the preceding paragraph, for t.empernburc nicasure- 
ments are only a means to an end. Our sl~nsttt~inns pro- 
vide us with a simple and geiirral crit,erion for tlrciding 
whether . the tempernturcs of two diifcrent, hotlics are 
equal or unequal, and bj- n further coiirrntion wc t,ell 
with certainty what is the sign of %he rliflercwc~ in tcm- 
perature between two bodies : cliff usion of hcant. always 
takes place from hot$er to cooler botlira. Now, our p r ~ -  
ceding discussion. as well as t.he mere fact t,liat, W P  speak 
of the body which cools off the inore quirldy as having 
the higher teniperat.ure far more often t,han WP spcak of 
it as havin the grunter temperature, betray t .11~  fnct, that 
we do not ook upon temperature as a r uant,it,v iiic:i.sur- 
able in the usual sense. When we go wj-ontl t.he bare 
statement that the teniperat,ure of onr hocly is cr ual t.o, 

ond body and a s s i p ,  ~wrimer*icol , t w t t i . ~ v  t.o t.empcrnt urcs 
b means of arbitrary graduations oil the stcni of a 

temperatures, but 'li,71.ilibWi)?,~/ t. iem ; there ,is no such 
thing as menwcri~i.q temperature in the sense in which the 
term ' ' measure " is coninionly used in phj-sics. i. e., t hcre 
is no such t,liina as direct compwison of two intcrvnls of 
temperature d i ich  are not coincirlent, at both ends. 
Temperature is not an estensive mngnibude, i. e.. it. does 
not possess an addi tive nature such thats a given r1uant.it.y 
of it may be regarded as heing t.he sum of a 1iunibc.r of 
smaller quantities of the same kind : t.he "measurements " 
of such a quantity as t.empcrat.ure must. be effected by 
some device in which the Inagnitmle t.o be measured is 
put into a one-to-one relat.ion wit.11 a series of quant,ities 
which hn.w extensive mn,gni tmle. In ot.her words, we 
adopt some method by which we m:ty assign bo each 
separate temperahire a ilefinit,e number, and t h r e  must. 
be a one-t.0-one correspondence. The method niust, bc 
unequivocal in assigning one, and only one, number to 

I f 
lower (less) than, or higher !great,er) than that o 1 a sec- 

t ? iermometer, we are, strict,ly s eaking. not, rnrwsui~iirg P 

each tem ernture and in iiever giving the same number 

fundament.al princip e in const,ruct,ing a scale of tempera- 
ture. If we conform to it. we are free in other respects 
to choose our scale as we please, the choice being, in any 
case, arhi trary.?8 

For n century after Cmlileo's tinic great. confusion pre- 
vailed : many different substances were usccl in the ther- 
nioniet,er bulbs. rind innumerable cliffercnt systems of 
rrrbitrary graduation for the stems were employed. Out 
of the chaos there finally emerged t,hree systenis, because 
the founders of t,liese s>-st.ems manufactured instrumenbs 
of such high qualiby and in such great nunibeis that they 
came t.o be recognized 3.5 standtird.?g The Fahrenheit. 
thcrniomet.er originated nt, Danzig in 1714; mercuq- was 
used for the fluid, and the two known temneratures-the 
freczing mid boiling points of water-which had pre- 
viously been employed by Huyghens in 1665 were utilized 
bo give t.he gatluation. The ceutigaile scale wtts intro- 
duced hy Celsius tind Limimis at! the 1hiiversit.y of 
Uysah  in Sweden, 1743, and t,he Re.smur hy t.he French 
physicist, of t.liat. 1iamc. 1731, nlthongh 1mt.h wcre h e r  
snniewhn t. motlified h y n th ors. 

The mniii o1)jsct t.n he securcrl in tberniomct,r:- is t,liat 
all t,herniomet.crs shnll be stjrictrly cnrn!mable : the 
simnlest. mcnns of oh t ining this object is 1-)y comparing 
all t,hermoniett.rs. tlirocl.ly nr indirect.ly, with some st,and- 
arc1 instmnien t. : when t,lius propcrly correct.cc1. all ther- 
mometers will be cyies of t.he same original and will 
agree in t,lieir indicnt,ions. Thermnmeters ma>- then be 
c.onst.ructet1 nf oblier fluids than the one used in the 
st,ctndard. or by nioasuring some effect of liezrt.ot,lier than 
that, macle use of in the et,:indnrd ; the condition im?died 
in d l  cases being tliat, t.he t,licrmomet,c?rs shnll all he 
grnduttt.ecl so ns to agree wit.li t,ha st.nndarc1, and slso that 
the part,icular property of mttttcr niarlc use of sha,ll 811- 
ways give the sanie indication wlien the temperat,urc is 
brought, again niid again to the snnie d u e .  
Now, in spite of the fact, that,, ns we have s:~ecificallv 

st.atet1, tem!)erature ditferenccs art! pmyrtional to dit- 
frrences of heat content.. it is fnr more coiirenient in 
pritct.ice to i h $ w  q u a l  i.n.~r~.ni,riits of  t t~i i tpwit i irc  (is thosr 
?di,ich gi.w rqii(i7. .i,)ic't'a.rnc,,lrtS of; soy, ,t!nh?lic fo the siibnfnn.ct> 
mi. Zoyd: this, of course, t:lcws not apee  with the previous 
de i nition, because all suhstances clllfer from each other 
in their physical propert.ies, and all depart somewhat 
from a11 idenl beharior. so that rtlthouph no mnt,t,er what. 
fluid he employed in R t1ierniomet:cr bulb it will, in accord 
with this second dcfinit.ion. indict~lte t.enipcratme incre- 
n1ent.s quite satisfactoril3-, yet two t.1iermomet.er.s em- 
ploying cliff erelit fluids iI.il1 not, ordiiinrily rend esact.ly 
the same nuniericnlly (supposing the smie system of 
graduat,ion to be used for both) when espsed  to iclent.ica1 
thermal environments : ~ n c l  equd , i r ~ t c i w l . ~  on eit.her one 
will correspond to irregularly vttriahle increments of h u t .  
EmA. t7icrn~ometet. cl~firws .lt.q rruw sca2c qf t p r r i p w n . t i i w R :  
and either wc must nrhit,rnrily adopt a standard by 
merely C O i l V f ' R ~ ~ f J ? W ~ h J  ogm2irq upon some one instrument 
and then working out the complicated series of correc- 
tions necessitry for t.he tmnslntion of it,s indications int,o 
terms of molecular processes, or we must discorer a tem- 
perature scale independent of these vagaries of matter 
for our standard. The selection of n standard tempra- 
ture scale is, of course, independent of tlie selectmion of a 
thermome.t.er scale. or syste,m of laheling, t.o go with it. 
The position in the t a . i n y m ~ t i i w  scale of one or more easily 

1 t,o two di fi erent tem matures. TI& is the one essential 

~~ 

28 Edgar liiickiii$miii: Note 011 the Itadiatinri Formuhs aiid on the Principles or 
Thrmiometrv ~IONTIILY W'EATUER REVREW. 31: 1 3 .  1903: J .  Rice, ScirntiBc A mfricon 

29 #e, Cajorl, History of Physics, for 3 history of thermometers. 
SUP / C l l W ? t ~ , ' ~ ~ ~ ~  8. l$)l9. p. si., 
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reproducible sla.n.dard tem.peratures must be known, and 
the whole scale should conform to nature and be easily 
and accurately reproducible at  any time; then the arbi- 
trary thermometer scale may be agreed upon by select- 
ing some point in the thermometer scale as a zero ' oint, 
some continuous portion as a _fitnda.nmtccl iiitwvaf and 
some fraction of the fundamental interval as a .unit. 

The mercury-in-glass thermometer was originally taken 
as tlie standard. It was stated, among other things, 
that mercury 'iexpands uniformly," and yet no st.anclnrr1 
of reference was given by which this uniformity wt1.s 
supposed to have been established. In time, i t  was 
found that sli-litly different temperatures woulcl be in- 
dicated by diaerent instruments, depending upon tlie 
kind of glass employed; differences were found even + 
thermometers made from the same ingot of glass; in 
addition, mercurv, as pointed out before, gives us an 
arbitrary scale of temperature differing, probably, from 
every other similar scale; a.ir does not expand quite 
uniformly if mercury be the arbitrary standard, ancl vice 
versa. A4fter the cliscovery of the gas laws3, some monu- 
mental researches on the expansion of gases were carried 
out by Regnault, who, after studying the whole subject 
of thermometry very critically, introduced the use of 
the air thermometer as a standard, comparing its indica- 
tions with those of a mercurial instrument; litter investi- 
ators ex erimented with other gases similarly : but- 

Qecause o P the differing properties of the various gases, 
none of which isperfect, the gas scales also are incapable 
of 'ving a solution of our problem.30 

Eowever, Lord Kelvin finally showecl from theoretical 
considerations that Carnot's function supplies a means of 
measuring ten1 eratures independently of the properties 
of any particu P ar substance. C'n,rn.ot's Theorem. asserts 
that the efficiency of any perfect thermal engine working 

eriodically and reversibly by taking in heat from n hot 
gody and giving out, heat to a c.old body, is the same for 
all such engines and for all substances employed in them, 
being a function of only the temperatures of the hot and 
cold bodies. If E be the efficiency, and Q, and Q2 the 
heat taken in and given out respectively, then 

which may be put in the form 

Since, from the theorem, 
E=j' (4, 41, 

we have 

If we assign to any two temperatures numbers such that 

we have the thermodynamic scale introduced by Lord 
Kelvin in 1S54. Then, 

_ _  ~~ 

The initial pressure is a factor in the use of gas thermometers: the barometric pres- 
sure of course intluenced the thermoscope of Galileo. The details 01 the construction 
and msnipulntion of the various instruments of thermometry must be sought elsewhere 
than in the present paper. 
11 For the complete explanation of the following derivations, sea Preston, Theory of 

Heat, 2d ed., 1904, pp. 709-713. 

I t  is eusily shown that the scale of teniperatures which 
would be defined by it perfect gas, employed with a 
tliernionieter scale with its gradua.tions numbering from 
the point at. which the gas contn.inet1 no heat-no molec- 
ular niot.ion-~vlinte~er. would satisfy the above concli- 
t i ~ n . ~ ~  A pcrfect gas is one whic.11 would obey Boyle's 
Ln.w perfectly throughout. all ranges of temperature.33 

Since the coefficicnt. of espaas~on of a gt1.s is closely 
1/2i3 on the centigmde scale, the extrapolated point on . 
t,he scale of the c.onst.nnt~-volun~e hytlrogen thernion~et~er 
a t wliic.11 the gas ressure would vanish-corres )oncling 

sence of heat-is about -273' C., the so-called " absolute 
zero." The zero of the thermodynamic scale is identical 
with the al,solut,e zero of a perfect g m ,  and since the 
abso1ut.e therniodynaniic temperatures ant1 absolute tem- 
peratures on the gas scales  re both of frequent occur- 
rence, it is desiralde to em ~ loy  n tlierniometer scnle such 

same on both scales. The tlrwmod na?wie scuk of tr,n- 
peroturts ,is the only one ~iQich i s  i n  2 eps.iideii.t of the prop- 
erties of seine oiw particulm sti bstcr,ncc, and evidently is 
not rei.lizal,le in pract.ice; at the siinie time, from its 
relat.ioii t.0 the NS laws, it is clew thnt on this scale, 
teniperature di B erences (ire proportiouul to heat incre- 
ment,s; in this case, our two HI >rent dt$niti.ons qf tem- 

ervrture di#pi.t~,)i,ct~s w e  u y u  iwi, I c,nf. Our considerations 
%ave brouglit us to two iiiclependent and ciiscordnnt 
teniperature scnles, ( 1 tlie theoreticill thmnoclynamic 
scale w1iic.h cuii not be redized in yis pract.ical working 
theirnometer, niicl (2) a pract'icnl instrument depending 
upon the volumet,ric. espnnsioii .or other .physical prop- 
ert,ies of substances w e  n i q  hid it convenient to em loy, 
but the indicntions of w-1iic.h tire somewhat difficu P t to 
translate into terms of molef;ul.tir processes. If we can 
accurately cleterniine the d t w a t ~ o n . ~  a t  (111 ttmptrntu.res of 
any o~ie  or all of these rilctical thermometers from the 

coniplet,iiy and accurat,dy solve! in spite of the dlfficul ties 
introduced by t,he irregularities in the behavior of matter. 

As a matt,er of fact, the sc.ale clefhied by any one of the 
niore pernianeiit red  gnses is a very close a.pproxinintion 
to the ~hermodgnnniic scale; furtherniore, by conducting 
approI)riate invest,igiitions u 011 the flow of nctjud gases 

of pe1-fec.t grises can be nscertai~iecl.~~ Experiments show 
thnt in the c;~se of hydrogen the deviations from the 
themoctynamic sca.le are SO sniall escept at very low 
ancl very high temperatmums t h t .  a hydrogen gas thermom- 
eter mtty be taken for all practical purposes as  a realiza- 
tion of the ideal scde. 

The ecption 0,/e2 = Q,/& defines only the ratio of two 
temperatures and 110 t their numerical values; when the 
further contlit,ion is imposed 3' that the temperatures of 
t,he meltiiim point of ice mid condensing point of steam 
shall diff er% y a.ny arbitrary number of degrees, then the 
loclition of these points fises the numerical d u e  of every 
ot,lier t,eniperature independently of the laws of espnn- 
sioii of m y  ptwticulnr substmice. 
On October 15, ISST, the Iiiteriiat,ional Committee on 

weig1;hts alicl Meiisures passed tx resolution adopting LS 
the st,all&rcl thermometric sciile for tlie internat.ions1 
service of \\-eights a.iid mensures the ce,ntr,g,nde Sc& ?f the 
h.y&ogc)b thcrmonwter, having the zero 1)oint of the t h o -  
mo,ncter scale ut, the tein.prr(ituiao of melt,ing ice: the 

under the ideas o?the kinetic. t,heory to a comp f et,e ab- 

that the numerical symbo I of il teniperature will he the 

t1ierniodvn;imic scale, t, Y ien our prob!em will have been 

through porus plugs, their c P evixtions from the behavior 

-~ 
82 Preston. op. cit.. 

OC Uuckinghirm, op. cit. 
84 #&on, op. cit., p.714-il6. 

ilti: Edwr Bucliinghom. On the definitiou of the ides1 gas, 
11. 6. Bur. : tand. BuIE; 6. W3, 1W9. 
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SfTerence between 
mometer. and the 
latter bang now 
therefore vanish at 0 and 

Owing to the great experimental difficulties involved 
in the use pf pr.ecise gas thermometers of any form and 
the limitations m ra e of temperature they can cover, 
it is necessary to estt&h a practical working scale which 
should represent the thermodynamic scale as close? .as 
possible in the li ht of existin knowledge and be de nite 

h e d  by means of certain fiducial temperatures or fised 
points, together with a s ecification of the method of in- 
terpolating between the L e d  points. Then the practical 
working instruments which meet the needs of ordinary 
observational work and, in some cases, by safe extrapola- 
tions, extend the range to temperatures obherwlse .unat- 
tainable with the gas thermometer itself, may easily be 
standardized b comparison with this working scale. 

pbtinum reszstanee themnometer as the working or inter- 
olation instrument in the interval - 190’ to 450°, the 

k e d  points or fiducial temperatures being those defined 
by the following phenomena, where the values are those 
on the centigrade thermodynamic scale:98 

Boiling point of oxygen- - _ _  _ _  _ _  - 153.0 
Sublimation point of carbon di- 

oxide _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 75.5 
0.0 

Boiling point of water- - - - - _ _  _ _  100.0 
Boiling point of sulphur- - - - - - - 444.6 

and easily repro I f  ucible. Suc % 8 working scale may be de- 

The leading T aboratories of the world have adopted the 

Freezing point of water- - - _ _  _ _  _ _  

Themnoelectric ‘unctim, composed of suitable com- 
binations of meta I s, also serve for effecting temperature 

an Edgar Buc : On the establishment of the thermodynamic scale 01 tempera- 
ture by means~-tant-pressure  thermometer U 8. Bur Stand. Sui. Pa rr 57 
1807 p 23743,274. The corwctiims are tabulated ih.GblIaum6, Les Recents Aomd 
dn dvsfemektetriwe. D 48. in Travaux et Memoires du Bureau Iutemntloml des Polds 
et adesure~ t. XVI im. ‘ 

Waidnbr C. d et sl : The standard scale 01 t-pcqture, Jour. Tush. Amd. Sci. 
IO, 276-277, l h :  U.%. Bur. Stand., arc. 55, aaeltmg p n t s  01 the chemlcal element; 
and other standard temperatures, 191P. 

measurements, and in the interval 450’ ;to 1,100’ the 
platinum thermocouple-90 per ‘cent platmum, 10 per 
cent rhodium-is used as the interpolation instrument, 
being calibrated at the freezing oints of zinc (419.4’), 
antimony (630.0°), and copper 8,083.0’). 

Finally, opticaZ pyrometms must be resorted to in the 
measurement of extreme1 high temperatures. The 

utmost to ade uately evaluate or number all the tem- 

ideal thermod namic scale which justly constitutes the 

“he mercury-in-gla.ss tA.emmeter, carefully standard 
ized by direct or indirect comparison with a standard gas 
thermometer, is a familiar example of an exceedingly 
convenient and widely used instrument for temperature 
measurements over a certain range.” 

It will now he recalled, however, that the most desir- 
able scale is not the centigrade thermodynamic, hut the 
thermodynamic em loyed with .a system of graduation 

the reading of a standardized thermometer to this nbso- 
lute themadyna.mi.c scale: we merely add to the reading, 
after the latter is corrected to the thermodynamic scale, 
the thermodyna.mi.c tem ernture of the ice: point. After 

loo’, there are several methods of evaluating the ice 
oint on the thermodynamic scale, hut the problem is 

far from being simple, and there is still some uncertainty 
in the value; it is probably ve close to 273.013.98 For 
practical purposes we may a 7 d 273 to the centigrade 
’reading and call the resulting thermometer scale the 
“Approximate absolute.” ao 

In  English-speaking countries neither the absolute nor 
the centigrade thermometer scales are in common use 
outside the laboratory. As Sir Napier Shaw s a p ,  “Our 
practice of using one set of units in the laboratory and 
another set in ractical life can only be described as 
stu id.” The a gs olute thermodynamic scale has some 

to the nature of thin s as we find them, instead of being 

In  conclusion, I wish to acknowledge the helpful sug- 
estions and interest of Prof. C. F. Marvin, Chief of 

ingenuity, art, and skill of t i e physicist are taxed to the 

peratures whic % come within his experience on the om 

accepted stan i ard. 

starting at  the ahso P Ute zero;’it is evident that to reduce 

having specified that t is) e fundamental interval shall be 

rea P ity about it-it conforms to physical phenomena and 

based upon the predi ! ections of men.‘O 

h r e a u ,  during the preparation of this paper. 
The numerous publications of the U. S. Bureau of Standards may be conculted lor 

the details of the theory crmstruction and manipulatlon olthe various daws of instru- 
ments mentioned abovd On shndahzation, etc see, e. g., U. S. Bur. Stand. Circ. 8 
Testing oIThermomentk, 1911‘ Sei. Pa cr 69, O n h e  standard scale 01 temperature Id 
the interval 0’ to 100” C by C. h. Wai&er and H. C. Dicllnson, 1907. 
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